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Déphasage Pion−Pion
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U †U = 1
| ÚpÑ× U | = 1
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n− p 1.3 939 1.4
Σo − Σ+ 3.1 1190 2.6
Σ− − Σo 4.9 1195 4.1
Ξ− − Ξo 6.5 1318 4.9 Ö%Î×Ñ×ÚpÑpzﬂà2Õ=ßïÖÇÛDÙºÚpÑhÙ=ípÍäÛ E %N
Ko −K± 4.0 495 8.1
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L '&(2) = L *+ba , :c + L dea:fHgih=c + L j:klfnmio-, ﬁp:q%rifHa *!q + L stfHp:p:qqIuev;w ,!x ,`u .
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ν − ∂νGaµ + gfabcGbµGcν ,
*,U9.ﬂﬃŁ-;$&/6-.Aﬂﬃ
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L dea:fHgih=c = L0
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q iγµDµ q HMR C
L  fHcicqc = −
∑
q=u,d,s




































Dµ = ∂µ − ig Gaµ T a,
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[λa, λb] = 2ifabcλc HMRM
































 0 1 01 0 0
0 0 0
 λ2 =
 0 −i 0i 0 0
0 0 0
 λ3 =
 1 0 00 −1 0
0 0 0
 λ4 =





 0 0 −i0 0 0
i 0 0
 λ6 =
 0 0 00 0 1
0 1 0
 λ7 =
 0 0 00 0 −i
0 i 0
 λ8 = 1√
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LQCD = L0QCD + Lmasses



























































































ψL(x) → VL ψL(x),
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V aµ = J
a
R, µ + J
a




















∂µV aµ = 0, ∂






















































































































































































































QaV ≡ QaR +QaL
ﬂ: 
QbA ≡ QbR −QbL

?4ﬂA













V ] = i f
abc QcV a, b = 0, . . . 8 HMR; 4
[QaV , Q
b
A] = i f
abc QcA a = 0, . . . 8, b = 1, . . . 8
[QaA, Q
b
A] = i f
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 2/3 0 00 −1/3 0
0 0 −1/3
 .   R; ] 
ﬂ: 
Q  L = −2
√
2GF
 0 Vud Vus0 0 0
0 0 0






















































 mu 0 00 md 0
0 0 ms
















































































































〈U † M + U M †〉











〈DµUDµU † + χ U † + χ† U〉   R; [ 







[l (i 6∂ + eA−ml) l + νlL i 6∂ νlL ]
*,
DµU = ∂µU − irµU + iUlµ.
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B = 0 n4 = 1 nk>4 = 0
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pi1 − ipi2 pi4 − ipi5
pi1 + ipi2 −pi3 + pi8√
3
pi6 − ipi7












































































































































 23 0 00 −13 0
0 0 −13


















































j + = T 1 + iT 2,
j − = T 1 − iT 2 


































































































































































































































































































































2pi−(x) −pi0(x) + 1√
3
η(x) −√2K0(x)√
2K−(x) −√2 K0(x) − 2√
3
η(x)
   R  
[Qe, φ(x)] =
 0 pi1 − ipi2 pi4 − ipi5−(pi1 + ipi2) 0 0






 0 0 pi4 − ipi50 0 pi6 − ipi7








j 3, φ(x)] =
 0 pi1 − ipi2 12(pi4 − ipi5)−(pi1 + ipi2) 0 −12(pi6 − ipi7)
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  mu 6= md   9  
  
 pi3 
 pi8 KJ  9  3%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pio = pi3 + 1pi
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M2pio = 2Bomˆ = Bo(mu +md) = M
2
pi
M2pi± = 2Bomˆ+ 2e
2F 2o Zo



















































































































































































































































































  ∆pi = 0

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Mpi = Mpi± = 139.6
 ;: 




















































































































































































































































































































































































































































































































O(mq2) O(p4) O(mq p2)
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b1d e dgf+h i9j
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b1d e d4f6h i\k
l9m$n-o mHp
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 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 .   R  
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U(Λ, 0) s(x) γµ u(x) U †(Λ, 0) = s(Λx) S(Λ) γµ S(Λ−1)︸ ︷︷ ︸ u(Λx) .   RM
(Λ−1)µνγ
ν


































γ5 = i4! µνρσ γ
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′ = Λx 021
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[σµν , γ5] = 0,


































































































































































P Ψ(x) P−1 = ηp γ0 Ψ(Πx), 

R;M 


























































































































































































































































































































































〉in ≡ i V ∗usGF√
2





































































































































|k〉 = kµV (k) 
 〈0|Jµ
fnkeo\f
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9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|k〉 = (−1)Πµµ′ 〈0|Jµ′uqQIm!giobq |Πk〉〈
0|Jµ
fnkeo\f


















































V (k2) = −V (k2) 



















































































































































































































pν , pl, p|S|k
〉in ≡ i V ∗usGF√
2
































































































|k〉 = V−(k, p)(p− k)µ + V+(k, p)(p+ k)µ ,   R; 4〈
p|Jµ
fnkeo\f

























































































































































































































p2 = M2pi± !a pio


































t = (k − p)2  9XA 	  # 
 ~ HG1  



















































































































|k〉 = Πµµ′〈Πp|Jµ′uqQIm!giobq |Πk〉 ,〈
p|Jµ
fnklo\f










































































































































































 K+ → pioe+ν  J  
   V'ﬂ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p1, p2, pν , pl|S|k
〉in ≡ i V ∗us GF√
2

































































































































































































= P µ F u (X) + Qµ G u (X) + Lµ R u (X) + µνωσLν Pω Qσ H u (X),〈
p1, p2|Jµfnkeo\f |k
〉








































































































































































































































































































P ρ Fi(X) + Q
ρ Gi(X) + L
ρ Ri(X) + 






(ΛP )µ Fi(ΛX) +
(ΛQ)µ Gi(ΛX) + (ΛL)
µ Ri(ΛX) + 



































































































s = (p1 + p2)
2 , t = (k − p1)2 





































































































































P ρ F u (s, t, u) + Qρ G u (s, t, u) + Lρ R u (s, t, u) + ρνωσ Lν Pω Qσ H u (s, t, u) =
(−1)3 Πρµ
[
(ΠP )µ F u (s, t, u) + (ΠQ)µ G u (s, t, u) + (ΠL)µ R u (s, t, u)















F u (s, t, u)

G u (s, t, u)





























































X u (s, t, u) = −X u (s, t, u) 















































































































































































































































































































































































































































































































































































































































































































































































































































































 = V+(t)(p+ k)
µ + V−(t)(p− k)µ

 %1#
t = (k − p)2, "G# 	  # 
 ~  4   





 = ρνωσLνPωQσHv(s, t, u)
Jµ WYXJZ[W  = P ρFa(s, t, u) +Q




s = (p1 + p2)
2 , t = (k − p1)2 
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K+(k) → pi+(p1) pi−(p2) `+(p`) ν`(pν)  
 2"!$#
K+(k) → pi0(p1) pi0(p2) `+(p`) ν`(pν)  
 2  #
K0(k) → pi0(p1) pi−(p2) `+(p`) ν`(pν)  
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K+ ( u s )
ﬁ4*\.* -76(1*
pi+ ( u d )
9
.*Z-76(1*
pi− ( d u )
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~p1 − ~v(~v · ~p1)
[~p 21 − (~p1 · ~v)2]1/2
~d =
~p` − ~v(~v · ~p`)













































spi = (p1 + p2)




| ~p1 | , cos θ` = −
~v · ~p`
| ~p` |
































2 ≤ spi ≤ (M −m`)2




0 ≤ θpi, θ` ≤ pi
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P = p1 + p2, Q = p1 − p2 , L = p` + pν , N = p` − pν  






































− spiY 2, L2 = s`, N2 = 2m2` − s`,
P ·Q = M21 −M22 ,
P · L = 1
2
(M2 − spi − s`),
P ·N = z`(P · L) + (1− z`)X cos θ`,
Q · L = (P · L)(P ·Q)
spi














X Y cos θpi
+ (1− z`)Y [(P · L) cos θpi cos θ` − (spis`)1/2 sin θpi sin θ` cosφ]
L ·N = m2`
< LNPQ > ≡ µνρσLµNνP ρQσ



























P ·Q = M21 −M22
























































tpi = k − p1)2 t` = (k − p`)2 t1` = (p1 − p`)2 s1` = (p1 + p`)2



















2 − spi + s`
tpi − upi = (P ·Q)− 1
spi
[ (P ·Q)(M 2 + spi − s`) + 2spiX Y cos θpi ]
t` + u` = m
2
` +M
2 − s` + spi
t` − u` = m2` − z`(M2 − spi + s`)− 2X(1 − z`) cos θ`






` − P · L− P ·N
t1` − t2` = P ·Q− L ·Q−N ·Q






` + P · L+ P ·N
s1` − s2` = P ·Q+ L ·Q+N ·Q .















K(k) → pi(p1)pi(p2)`+(p`)ν`(pν)   
 #  #  ﬁ
( '  ":9  "  +   
 # +: 



















































V −A #ﬁﬀ  #ﬂ7" ﬃ'
  #  #
To = GF√
2
V ∗us u¯(pν)γµ(1− γ5)v(p`)(V µ −Aµ)

 %1#





































V −A #  #  ﬁ














































































































































































































































































Vµ = − H
M3
µνρσL




Aµ = −i 1
M



























































































































































































































































































































































































































(1 − zl) ν`L γ
µ
















(P · L + P · N + Q · L + Q ·N) (ν`L γ
µ
`) (k − p1 − p2)µ















(P · L + P · N −Q · L −Q ·N) (ν`L γ
µ
`) (k − p1 − p2)µ
⇒ F, G, R
ν`L (pνµp1ρσ




(P · L− P ·N + Q · L−Q · N) (ν`L γ
µ
`) (k − p1 − p2)µ
⇒ R
ν`L (pνµp2ρσ




(P · L− P ·N −Q · L + Q · N) (ν`L γ
µ




























| T |2 d(k; p`, pν , p1, p2).  
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J5 = |F |2
[
(P · L)2 − (P ·N)2 − spis` +m2`spi
]








|H|2 [(m2` − s`) [Q2X2 + spi(Q · L)2 + s`(P ·Q)2 − 2(P ·Q)(Q · L)(P · L)]− < LNPQ >2]
+ (F ∗G+ FG∗)
[
(P · L)(Q · L)− (P ·N)(Q ·N)− (P ·Q)(s` −m2l )
]




(F ∗H + FH∗) [(Q ·N)(P · L)2 − (Q · L)(P · L)(P ·N)− spis`(Q ·N) +m2l spi(Q · L)
− m2l (P ·Q)(P · L) + s`(P ·Q)(P ·N)]




(G∗H +GH∗)[(P · L)(Q · L)(Q ·N)− (P ·N)(Q · L)2 + s`(P ·N)Q2 −m2l (P · L)Q2






< LNPQ > [−(F ∗G− FG∗)M2 + (F ∗H − FH∗)(P ·N)














(RT ∗ + TR∗)[−(Q · L)(P ·N) + (P · L)(Q ·N)] + im`
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J5 = 2(1− z`)
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I1 + I2 cos 2θ` + I3 sin
2 θ` · cos 2Φ + I4 sin 2θ` · cos Φ + I5 sin θ` · cosΦ











(1 + z`)|F1|2 + 1
2
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(1− z`)Re(F ∗1 F2) sin θpi −
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(1− z`)z`(P · L)
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5 ) + (P · L) sin2 θpiRe(F3F ∗5 )




z2`X(P · L) sin2 θpi|F5|2 ,
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5 ) + (P · L)Im(F1F ∗5 )






(1− z`)Im(F ∗1 F3) sin θpi ,
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iδp cos θpi + . . .
G = gpe
iδp + . . .
R = rse
iδs + rpe
iδp cos θpi + . . .
H = hpe
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= 1 |10〉 = 1√
2





= 0 |00〉 = 1√
3
(|pi+pi−〉 − |piopio〉+ |pi−pi+〉) ",U + !3ﬂﬁﬂﬃ ) *
	





































ﬃ%$   ! *$ ﬃ"
@











































F1 @ F2 @ F3
3
F4
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− cos θpi[(P · L)fp + s`rp +XY gp]eiδ11 + · · ·
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−pi+∂µK+ − 2K+pi+∂µpi− +K+pi−∂µpi+)
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L(c) = ...+ ieAµ(K−∂µK+ −K+∂µK−) + ieAµ(pi−∂µpi+ − pi+∂µpi−) + 2FoGFV ∗us (ν`Lγµ `) ∂µK+
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× kµ(p− − p+)ν 1
spi
1
(p` + p+ + p−)2 −m2`
2 $&[v !3ﬁﬀ3 ﬁ ""ﬂﬃvq[s%ﬃN, o#'Pvv 
u(pν)(1 + γ




− [spi + P · L+ P ·N ] 6Q− [Q · L+Q ·N ] 6L+ 2im`σµνpµ+pν−
}
v(p`) .
<$9:'(ﬃ% q'( ﬁ o# /ﬃ1ay0ﬁavv J-{  $*|q,ﬀﬁﬂﬂﬃ3$*"'(ﬁﬂﬃAss<#"q ﬁ!#"3$&ﬀ*ﬀ$*" s$&[v !3ﬁﬀ3 ﬁU2  !3$*'Pv
	
ﬃ%$,ﬀ3 ﬁ|q3 "{7!Fo3ﬁﬂﬃ%ﬁo#'Pvv 




$*'(*"ﬂﬁ'([:'($*"|q'( ﬁ|s/ﬃ1ay0ﬁavv =, 0.




− 6Q− Q · L+Q ·N





















$*'(*"6ﬁAvq[s1#'($*"s1 o#'($*"ﬂﬀ$&4 4 !#"ﬃ%$&!Ay0ﬁﬀﬂﬃ'($ /q ﬃ'($
z
s1 s%ﬃv ﬃ%4 #"




- ﬃ #"ﬂJs1-,ﬀ$&ﬂﬃ%!v #"ﬂ ﬁa~[sD   { aq ﬁ)(#"Is#"ﬀ ! *$ ﬃ%ﬂﬃ'($*"
, /.;3<, ﬁﬀ/.
@





F+− = F˜+− =
MK±√
2Fpi
G+− = G˜+− =
MK±√
2Fpi
<'(*" ﬁAv ﬀﬁ&*'($*"-*Zs#"po#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($*" ﬀ t Po33 ﬁ  ut '(ﬁwv 
G+−
q ﬁ':3$,ﬀ$-) #" /ﬃ1ay0ﬁavv #"
,> .3 , 0."o#'Pvq 3$*"3$&  9q[s%*"
@
$*'(*"$*'('($*"K-*s1 ﬃ'Ps1ﬀﬂﬃ'($ ,{ ﬃ"'0"wq ﬃ%$ ${ <Fo3q,("Jo##"  3Ux
t Po33 ﬁ"  Kt '(ﬁwv D
=
K+ → pi+ pi− `+ ν`
 "  ﬁ  "  ﬁ #"
R˜+−
  3Ux /ﬃ1ay0ﬁavv #"po#'($&ﬂﬁﬂﬃ~ *3$& ﬀ t Po33 ﬁ' pt '(ﬁwv 
R
z
s.{7'(ﬁ(/ﬁusuq[s%*"~,(" "ﬀ$*" * 3&U
z
s1












 s ";{ ay0ﬃ% #"

























× (1 + 1
2



























ν = tpi − upi R2#" "o=as1ﬀﬃ%ﬁ#" tpi 3 upi  xUq ﬁﬂﬃv 3$&Ks.{7!Fo 8 ﬀ$[y:#,{7!3$*3ﬁwy0ﬃ63$&ﬂﬁsŁ(('($ 3Js#"  3Ux
q ﬃ'($*";













q[s%*"~,(";H2#"ﬀ ﬂﬁ#"t Po33 ﬁ"5 |t '(ﬁwv 9ﬁ#"ﬂ3$&;ﬃ%$o
8




















[ upi − tpi
s` −M2K±










ﬁ!#!Fo3ﬁﬂﬃ%ﬁ o# t Po33 ﬁ  t '(ﬁwv  3$ t ﬀﬃ"ﬀ$& aq[q,ﬀﬁﬂﬁ s1 o#'($-ﬂﬁﬂﬃ~  ﬂﬃ'($
R˜+−
 !Fo3ﬁﬂﬃ%









































<$:'(ﬃ%&* s 3Ux/ﬃ (Av  3ﬁwv  o#3ﬂ "'Pvv  o#'Pvq'(ﬁﬂ  $* o#'($&ﬂﬁﬂﬃ~  ﬂﬃ'($
∆pi
 ~ ﬁﬂﬃ"ﬂ ﬁ ,{ ﬃ"'0"wq ﬃ%$















ﬀﬁwy:!|q,ﬀﬁﬃs.{ aq[q,ﬀﬁﬂﬃ%ﬂﬃ'($ ,{  $9t Po33 ﬁ
 t '(ﬁwv    *	q  3$*"'(ﬁﬂﬃAs.   { aq ﬁ)(#"s1  ! *$ ﬃ%ﬂﬃ'($   o# t Po33 ﬁ t '(ﬁwv #*ﬀ$*"Ks.{ avq[s%ﬃ%ﬂ  , /.
@
$*'(*"<'P~ 3$*'($*"













             
 , 
K+ → pio pio `+ ν`

|o=ﬀ$,as    !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ #"ﬂ v '(ﬃ%$*" PoFo##""ﬂﬃ~[s xUq !3ﬁﬂﬃv 3$-asAv 3$&
@























+'( ﬁJo##" /ﬃ !3ﬁ3$&" /ﬃ1ay0ﬁavv #"
@
s#"s1ay0ﬁﬀ$[y0ﬃ3$*"Jo#'($&ﬂﬁﬂﬃ~ ,ﬀ$&"9ﬁ#"wqFo3ﬂﬃNt ""'($&









K+pio∂µpio − piopio∂µK+) ,



































us (ν`Lγµ `) ∂
µK+ .





















 3Ux q ﬃ'($*"?$*3 ﬂﬁ#" 3 3Ux Ł(('($*"
o
8

































$*'([:=ﬀ s#"ﬁAs1ﬀﬂﬃ'($*"3$-ﬂﬁs#"|v (""#", #"v !#"'($*"3|s#"|-,ﬀ$&ﬂﬃ%!#"
Bo @ mˆ @ ms
,97U87a:.






















"'($&s#"v (""#" /pq ﬃ'($ 35/pŁ(('($
z




















































  { aq ﬁ)(#"s#", ! *$ ﬃ%ﬂﬃ'($*" , /.;3<, ﬁﬀ/.
@
















Goo = G˜oo = 0
	
Ko → pio pi− `+ ν`




s.{7'(ﬁ(/ﬁ|sq[s%*" ~,(" :Fo'( " ﬀ$*"ﬃ~ ﬁﬂﬃ"ﬂ ﬁ
,{ ﬃ"'0"wq ﬃ%$
 "  ﬁ  "  ﬁ #"
R˜oo
#"  3Ux /ﬃ1ay0ﬁavv #" ,ct .63 , y:.9o#'($-ﬂﬁﬂﬃ~ *3$&
z
o#ut Po33 ﬁ  ut '(ﬁwv D 



































spi − s` +M2K±
]}
.









<$ "'Pvv  '( #" s#" o#'($-ﬂﬁﬂﬃ~  ﬂﬃ'($*"
z
Roo
3'($ t ﬀﬃ% aq[q,ﬀﬁﬂﬁ
R˜oo





















3spi + 2s` − 6M2K
)]}









3spi + 2s` − 6M2K
)]
.
 '( ﬁo# o=ﬀ$,as
@








R ∼ mu −md
[2#"|o#'(ﬁﬂﬁFo3ﬂﬃ'($*"9"'($&ﬀ/*#"
z
s1 ﬃ'Ps1ﬀﬂﬃ'($ﬁ,{ ﬃ"'0"wq ﬃ%$
      + 5  
    













































4K−pi+∂µKo∂µpio − 4Kopi+∂µK−∂µpio − 4K−pio∂µKo∂µpi+ + 4Kopio∂µK−∂µpi+




K−pi+∂µKo∂µpio − 2piopi+∂µKo∂µK− +Kopi+∂µK−∂µpio





































 $ q ﬃ'($ $*3 ﬂﬁ
@













4(upi − tpi) + 1
R
(









$  ﬂﬃs%ﬃ"ﬀ$-|s#"ﬁAs1ﬀﬂﬃ'($*" ,97U87a:.
@






4(upi − tpi) + 1
R
(








































  { aq ﬁ)(#"s#", ! *$ ﬃ%ﬂﬃ'($*" , /.;3<, ﬁﬀ/.
@








Go− = G˜o− =
MKo
Fpi




s1ps%ﬃv ﬃ%&,{ ﬃ"'0"q ﬃ%$ 3&* s1r~ ﬁﬂﬃ"ﬂ ﬁ
,{ ﬃ"'0"wq ﬃ%$ ${ < Fo3q,("|sIt Po33 ﬁ  Kt '(ﬁwv 
G

 " ﬁ  "ﬂﬁ  "
R˜o−
2#"  3Ux /ﬃ1ay0ﬁavv #"#,
8
. 3 , ﬃ.9o#'($-ﬂﬁﬂﬃ~ *3$&
z
o#Zt Po33 ﬁ  t '(ﬁwv D 
$ $*!AyDs%ﬃy:=ﬀ$-us#" 3ﬁwv #"




































































|t Po33 ﬁ5 |t '(ﬁwv <#" "3$*"ﬃ~[s
z











      
	, 





@ -/ 0 2
rU8753
-/1032
pUﬁ!#"ﬂ[v 3$&s#" ﬁ!#"ﬂ[s%ﬀ";'P~ 3$&*"" ﬁ s#" t Po33 ﬁ"5 |t '(ﬁwv 




, 87/.;3 , /. 

































































3spi + 2s` − 6M2K
)]}
	 




























3spi + 2s` − 6M2K
])}
	 





Ko → pio pi− `+ ν`








, 87/. 3;, /.
@
$*'(*"q'([:'($*"9v ﬀﬃ%$-3$,ﬀ$&  x/ﬂﬁﬀﬃ%ﬁ) #" ﬃ%$Ut '(ﬁwv ﬀﬂﬃ'($*"
$-[v !3ﬁﬂﬃ&*#"?`*$% &,ﬀ$-ﬂﬃN,3ﬁKs.{7*3   s1~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"wq ﬃ%$  <'(*":'($*"Js1q'0""ﬂﬃ~ ﬃs%ﬃ%!   '($ $*3ﬁ
s#"r0as3 ﬁ" $-[v !3ﬁﬂﬃ&*#" 
8
!#'(ﬁﬂﬃ-*#"  #" ﬀUx  ﬁ !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ 3$  ﬂﬃs%ﬃ"ﬀ$-rs1 t '(ﬁwv5[s y:!3$*!3ﬁas
, A:.!/ ﬀUx  !#"ﬃ%$&!Ay0ﬁﬀﬂﬃ'($  !33ﬁwv ﬃ%$*!# *ﬀ$*"so
8
aq ﬃ%ﬂﬁ  3|s1# !Fo#'Pvq'0"ﬂﬃ%ﬂﬃ'($ ﬀ$[y0[s1ﬀﬃ%ﬁ 
J5
, ﬁ/.|&* $*'(*"ﬁaq[q As'($*"Jo3ﬃ 	 #""'(*"
dΓ5 = G
2











J5 = 2(1 − z`)
[
I1 + I2 cos 2θ` + I3 sin
2 θ` · cos 2Φ + I4 sin 2θ` · cos Φ + I5 sin θ` · cos Φ

























! t !3ﬁ3$o# $*'Pv~ ﬁ,{7!A:!3$*Av 3$-" ﬀUx4  !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ , " −1 .
 ﬃ%ﬁwy:?3<as.   ,97U ± ﬀU/. ﬁﬀ 3




	 3ﬃ%$H~ 3ﬁwy:3ﬁ3<as.   , U87 ± ﬀU :. ﬁﬀ 3
;'( ﬁ- ﬃ%$ 3<as.  ﬀ  , U 7 ± ﬀU20. ﬁﬀ 3
;3ﬃ3ﬁ3<as. 2A 
 	 





s rt ass% ﬀﬂ3$/ﬁ  ps'(ﬁ" &* s1uo#'Pss1a~'(ﬁﬀﬂﬃ'($  3$ (A: 	

PoAs1 *  D
@





F:Fo  $ s'( pﬁﬀﬁﬀﬁﬀﬁﬀ !A:!3$*Av 3$&";

'0""As3ﬃﬂ "!$#&% '($& 'P~ 3$-  $ ﬀUx  
 !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ , s 3Ux/ﬃ (Av o
8
ﬃﬁ?#"ﬂ|s.{73ﬁﬂﬁ3 ﬁ<" * "!Av ﬀﬂﬃ&*0.
ΓKe4 = (3.26 ± 0.15) 103s−1.
  Aq  ﬃ"
@











AP,2 ﬀUx   !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ #" , s
 3Ux ﬃ (Av  o
8
ﬃﬁ?#"ﬂs.{73ﬁﬂﬁ3 ﬁ<")* "ﬂ!Av ﬀﬂﬃ-*0.
ΓKe4 = (3.321 ± 0.089) 103s−1.






U ﬁ!#"ﬂ[v s#"J(as3 ﬁ"
 #"ﬁaq[q'(ﬁﬂ", ~ ﬁﬀ$o
8
Av 3$-" 3, #"ﬀUx4  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($*"
K`4




ﬁaq[q '(ﬁﬂﬀ K~ ﬁﬀ$o
8
Av 3$&,%ﬀ −5 . ﬀUx)  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ , " −1 .
K+ → pi+pi−e+νe Aﬀﬁ+ ± ﬀUAﬀﬁ  7ﬁa
K+ → pi+pi−µ+νµ D  ± ﬀUA  ﬁﬀ
K+ → piopioe+νe 7U ± ﬀU    ﬀ
K+ → piopioµ+νµ 	 	
Ko → piopi−e+νe U+ ± ﬀU87ﬁ ﬀﬁﬀ2

















3$*'(*"q'([:'($*"<as'(ﬁ"ﬃ%$-!Ay0ﬁ3ﬁ}s1t '(ﬁwv[s , UA/."As'($ o##", 3Ux(ﬀﬁﬂﬃ1a~[s#"
J3 =
∫








 9'(*" :'($*"  ﬂﬃs%ﬃ"! $*|q ﬁ'Py0ﬁavv ﬀﬂﬃ'($4
	










 U ﬁ!#"ﬂ[v s#"I(as3 ﬁ"
$-[v !3ﬁﬂﬃ&*#"'P~ 3$&*#"Kq'( ﬁIs#"9ﬀUx   !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ 3$
s−1





("#"& '(ﬃ% >3ﬂﬁ/ﬃ-ﬃ"!q,ﬀﬁ 3Ux
@
q  ﬃ"-*rs.{7!3ﬀ *$,as|o#'Pvq'(ﬁﬂ) 3Ux q,ﬀﬁﬂﬂﬃo3[s#" ﬃ$ 3$&ﬂﬃ-*#"
@
s#"
 3Uxuq ﬃ'($*"$*3 ﬂﬁ#";
  { aq ﬁ)(#"s#" ﬁ!#"ﬂ[s%ﬀ"& Zs1
-/ 0 2
 UA3&*ﬀ$*"suo=(" '(B $*'(*" $* o#'($*"ﬂﬃ$ !3ﬁ'($*"9q,("s1 -ﬃ'Ps1ﬀﬂﬃ'($
,{ ﬃ"'0"wq ﬃ%$
@









9U $*'(*" '($ $* $*ﬃ%$/ﬃo=ﬀﬂﬃ'($ " ﬁs|o#'Pvq'(ﬁﬂAv 3$&
 s.{7#"wq,Po# #"Iq
8
("#"<3  s1ro3ﬃ%$*!Av ﬀﬂﬃ-*q,ﬀﬁ9ﬁaq[q'(ﬁﬂ
z
s19~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"wq ﬃ%$

ﬃ7o#3ﬂ -,ﬀ$&ﬂﬃ%!
#" t ﬀﬃ~[sAv 3$&v ' /ﬃN,!#q,ﬀﬁ ﬁaq[q'(ﬁﬂ ﬀ ﬀUx    !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($ '(as
@
as'(ﬁ" o# "'($&s#"t Po33 ﬁ"
 t '(ﬁwv - ﬃ2"'($&"3$*"ﬂﬃ~[s#"
z





("#"$* (ﬀﬁﬂﬃ q,("Ks'(ﬁ" &* s.{7'($ q,(""  s1s%ﬃv ﬃ%',{ ﬃ"'0"wq ﬃ%$
z
s1o#'($Uy0 ﬁﬀﬂﬃ'($
 s1 ~ ﬁﬂﬃ"ﬂ ﬁ,{ ﬃ"'0"wq ﬃ%${7* 3  s1 ~ ﬁﬂﬃ" ﬁ,{ ﬃ"'0"wq ﬃ%$ "ﬂ ﬁsﬀUx)  !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($q'( ﬁ|so=ﬀ$,as
$*3 ﬂﬁ6#"ﬂ   s.{7'(ﬁ(/ﬁ 
7.3%
q'( ﬁ}sv '   !AsFo3ﬂﬁ'($ ﬃ&* 3
8.9%
q'( ﬁJs v '  v*'($ ﬃ-*D   ﬀ$*"
so=("ﬀ/v '     !#"ﬂﬃ%$-!Ay0ﬁﬀﬂﬃ'($ v ﬃNx 
@






#"v ' /ﬃN,   −1.17% q '( ﬁs9v '   !AsFo3ﬂﬁ'($ ﬃ-* 3 −2.2% q'( ﬁ srv '  rv*'($ ﬃ-*Dﬃ2 ﬀUx
  !#"ﬂﬃ%$&!Ay0ﬁﬀﬂﬃ'($)#"ﬂ|-,ﬀ$&
z
s% ﬃ'v ' /ﬃN,!  −1.6% q '( ﬁ|sKv '  ?!AsFo3ﬂﬁ'($ ﬃ-*3 −2.2% q'( ﬁ|s
v '   v*'($ ﬃ-*D<$ 3$% ! / ﬃ%&*q'( ﬁKso=ﬀ$,asv ﬃNx/
@






4"     
  ﬀﬁ ﬀ
  { aq ﬁ)(#"s#"ﬁ!#"ﬂ[s%ﬀ""ﬂ ﬁs#"t Po33 ﬁ", It '(ﬁwv  (""'Ho3ﬃ!#"
z
o#o=ﬀ$,as   !#"ﬃ%$&!Ay0ﬁﬀﬂﬃ'($
@
$*'(*"|:' *:'($*"









*ﬀ$*"Ks#"It '(ﬁwv[s#"=, U/.93 , U . <$  '(ﬃ% ﬃ%$-!Ay0ﬁ3ﬁs ﬀUx /ﬃ !3ﬁ3$&ﬂﬃAs 3$
 ﬂﬃs%ﬃ" ﬀ$&}s1 t '(ﬁwv5[sy:!3$*!3ﬁas
J5 @
 '($ $*!#q,ﬀﬁ , /. 
ﬁﬃﬂ "!$#&%')(ﬃ*,+ %'




k ≤ 6 ^
"!V[]5_*,`.%?-.2R/)*,+ 1 + 8a572J-.!')8A(ﬃ278+ '?*657Z46!b*6+ %'.8[c/.1 *6+ 3.1 278K2ﬃ8a*J1 !\[]5ﬃ*,`)%d-.2R-.2<;R!/.868
^.e
2_*6*,2R#&%'.(_*,+ %'#&!+ *!3.3 2ﬃ1"fV/)'.2R46%/)*,+ '.2J!/)gd+ 1 + !+ 4a2\hKiAjKkml
^




1 2V'.%[c0.462c-.2\86%/)8aqE+ 'Y*,274pU!1 1 278R5ﬃZ!/)gro?/.+s(ﬃ%[]3 %8627'Y*c1EW + '?*6274aUb!1 1 2VBQMJ@CL IK@dT
^
OJ;R@t2ﬃ8a*<1 2\')%[\0.462c-.2\3 %+ '?*,8J-)2Vod/)!-.46!b*,/.4a2\-.2\;<!/.8a8<o?/.+G8a2746!/)*,+ 1 + 865






2ﬃ8a*R-.2c1 !]#&%46[]2\F.HJImuNv<H>PEOJwxDsF.HJIN@yBE=L H@ L Ds@ L SRTﬃLd!7UY2ﬃ(XH@ LCDs@t2_*RS-.2<*pzd3 2V9J%/.0.1 2\{|465ﬃ(7+ 86+ %'t2ﬃ*<=}/.'t27'Y*,+ 2ﬃ47LC~Cgd5\3)!4
9<;<=$?>A@
^





/.'t*,!0.1 27!/rfX/.')2c-.+ []27')86+ %'$-)%'?*R1 2c(ﬃ%'?*627'?/y-.%+ *Jn_*,462c462ﬃ[]3.1 +3.!4RDGF.HJIK@t2_*RS2ﬃ8a*R/.'t*,!0)1 2ﬃ!/rf/)'.2c-)+ []2ﬃ'.86+ %'tod/.+"-.%+ *nﬃ*,4a2\1 2<[]nﬃ[]2\o?/.2\(ﬃ271 /.+
od/.+"!3.3.!46!b *R(7%[][]2c!46Z/.[]2ﬃ'?*<-.2c9R;c=td>A@
^





















46%/)*,+ '.2R278a*57Z!1"f]1EW 2_gd3.462ﬃ8686+ %'-./*6!/)gt-)+ "57462ﬃ'Y*,+ 2ﬃ1 -.2R-.578a+ 'Y*,57Z4a!b*,+ %'$o?/.2R1EW %'t(,`.2ﬃ46(,`.2<f]+ 'Y*,5ﬃZ462ﬃ4
^ F1
























L SRTR-.!'.8<1 !o?/.271 1 2]D
@
















TR3 %/.4J+ '?*657Z462ﬃ4<86271 %'y1 !-.274a'.+ ﬃ462cUb!46+ !0.1 2
s` ^
"2










mu = md mu 6= md h fCi j
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†(Mpi,MK) = (135, 493.6)MeV
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− C1(p`, k;mγ ,m`,MK) + C1(−p`, p−;mγ ,m`,Mpi)




























































































































































































































































































Hﬀﬁ|say'#[y',ﬀ+ *%%(	o+,1ﬁ )Ux -/ay'#avv4ﬀﬁ[- ﬀKs 






























−pi+∂µK+ − 2K+pi+∂µpi− +K+pi−∂µpi+)





















































(k + 2p+ − p− − 3q)µ(2k − q).(2p+ − q)












− 2(tpi −M2K −M2pi) + [(k − q)2 −M2K ] + [(p+ − q)2 −M2pi ]− (q2 −m2γ)
]










− 2(tpi − ΣpiK)[C(p+, k;mγ ,Mpi,MK)− C1(p+, k;mγ ,Mpi,MK)
−2C2(p+, k;mγ ,Mpi,MK)] +B(p+;mγ ,Mpi) +B(k;mγ ,MK)−B1(p+;mγ ,Mpi)







− 2(tpi − ΣpiK)[C(p+, k;mγ ,Mpi,MK)− C1(p+, k;mγ ,Mpi,MK)]
+B(p+;mγ ,Mpi) +B(k;mγ ,MK)−B1(p+;mγ ,Mpi)−B1(k − p+;Mpi,MK)
}















(k + 2p+ − p−)µ(2k − q).(2p− − q)












pi − upi) + [(k − q)2 −M2K ] + [(p− − q)2 −M2pi ]− (q2 −m2γ)
}
.











2(ΣpiK − upi)C(p−, k,mγ ;Mpi,MK) +B(p−;mγ ,Mpi) +B(k;mγ ,MK)
−B(k − p−;Mpi,MK)
}














× (2p+ − p− + k − q)µ(2k − q)ν
(q2 −m2γ)[(p` − q)2 −m2` ][(k − q)2 −M2K ]
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(2s` + 3spi + 6P · L+ 3 6Q 6P − 4k · p` +m` 6P − 2p` · P + 3m` 6Q− 6p` ·Q+ 6Q · L) 6q
+2k · p`(2 6L+ 3 6P + 3 6Q)− [(p` − q)2 −m2` ] 6q+ 6L
{





6P{[(p` − q)2 −m2` ] + 6[(k − q)2 −M2K ]}− 32 6Q{[(p` − q)2 −m2` ]− 2[(k − q)2 −M2K ]}













` − t`)C(p`, k;mγ ,m`,MK)− 2m2`C1(p`, k;mγ ,m`,MK)











` − t`)C(p`, k;mγ ,m`,MK)− 6m2`C1(p`, k;mγ ,m`,MK)
+6(t` −m2`)C2(p`, k;mγ ,m`,MK)− 3B(k;mγ ,MK) + 6B(p`;mγ ,m`)
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C1(p`, k;mγ ,m`,MK) + C2(p`, k;mγ ,m`,MK)
]
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+ e `γµ` Aµ
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2Q+ 3q)µ(2p+ + q).(2p− − q)
(q2 −m2γ)[(−p+ − q)2 −M2pi ][(p− − q)2 −M2pi ]
.






































(P +Q)µC1(−p+, p−;mγ ,Mpi,Mpi) + 3
2



















(P +Q)µB1(−p+,mγ ,Mpi) + LµB(p+ + p−,Mpi± ,Mpi±) + 3PµB1(p+ + p−,Mpi,Mpi)
}
 { aq #)(ﬁ ,
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C(−p+, p−;mγ ,Mpi,Mpi)− C1(−p+, p−;mγ ,Mpi,Mpi)
−C2(−p+, p−;mγ ,Mpi,Mpi)
]
−B(p−,mγ ,Mpi) +B1(p−,mγ ,Mpi)
−B(−p+,mγ ,Mpi) +B1(−p+,mγ ,Mpi)
}














(2p+ − p− + k − 2q)µ(2p+ − q)ν
(q2 −m2γ)[(p` + q)2 −m2` ][(p+ − q)2 −M2pi]
.





(6P+ 6Q){6p` · p+ − 1
2
[(p` + q)























` − t1`)C(−p`, p+;mγ ,m`,Mpi) + 2m2`C1(−p`, p+;mγ ,m`,Mpi)
−6(2M2pi +m2` − t1`)C2(−p`, p+;mγ ,m`,Mpi)−B(p+;mγ ,Mpi)
−6B(−p`;mγ ,m`) + 2B1(p+;mγ ,Mpi)
}














(k + 2p+ − p− + q)µ(2p− − q)ν







6P{6p` · p− − 1
2
[(p` + q)
2 −m2` ]− 3[(p− − q)2 −M2pi± ] + 3q2
}



















` − t2`)C(−p`, p−;mγ ,m`,Mpi) + 2m2`C1(−p`, p−;mγ ,m`,Mpi)
−6M2piC2(−p`, p−;mγ ,m`,Mpi)−B(p−;mγ ,Mpi)− 6B(−p`;mγ ,m`)










` − t2`)C(−p`, p−;mγ ,m`,Mpi)− 2m2`C1(−p`, p−;mγ ,m`,Mpi)
−6M2piC2(−p`, p−;mγ ,m`,Mpi)− 5B(p−;mγ ,Mpi)− 6B(−p`;mγ ,m`)
+B1(p−;mγ ,Mpi) + 6B(p` + p−;m`,Mpi)
}
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(− pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi−





























−K+pi−pi+∂µK− +K−pi−pi+∂µK+ −K−K+pi+∂µpi− +K−K+pi−∂µpi+
)









(−K+pi−pi+∂µK− +K−pi−pi+∂µK+ −K−K+pi+∂µpi− +K−K+pi−∂µpi+)
+2 (ν`Lγµ `) FoGFV
∗
us∂




(1 + 16R ) +
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5)γµ v(p`) (2k − q)µ
−[(k − q)2 −M2K ]− [(L− q)2 −M2K ] + 6q ·Q+ 3(spi + νpi)]













2(6L+ 6P )C(k, L;mγ ,MK ,MK)− (6L+ 6P )C1(k, L;mγ ,MK ,MK)








(6L+ 6P )[2B(MK ;mγ ,MK)−B1(MK ;mγ ,MK)]
+3Qρ
{
2(6L+ 6P )[kρC1(k, L;mγ ,MK ,MK) + LρC2(k, L;mγ ,MK ,MK)]
−kρ(6L+ 6P )C11(k, L;mγ ,MK ,MK)− Lρ 6LC22(k, L;mγ ,MK ,MK)
−[kρ 6L+ Lρ(6L+ 6P )]C12(k, L;mγ ,MK ,MK) + ηµργµC00(k, L;mγ ,MK ,MK)}}
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6(spi + νpi)C(k, L;mγ ,MK ,MK)− 3(spi + 3νpi)C1(k, L;mγ ,MK ,MK)
−6νpiC2(k, L;mγ,MK ,MK) + 3νpiC11(k, L;mγ ,MK ,MK)




= e2C00(k, L;mγ ,MK ,MK)
a













(2k − 2p− − q)µ































































5)γµ[6p`− 6q −m`]γν v(p`)
(k − p+ − p− − q)µ(2k − 2p− − q)ν
(q2 −m2γ)[(k − p+ − p− − q)2 −M2K ][(p` − q)2 −m2` ]












m2`C1(L, p`;mγ ,MK ,m`) +m
2
`C2(L, p`;mγ ,MK ,m`) +B(L;mγ ,MK)
}
.









































































5)γµ v(p`) (2p+ + q)µ




]− [(k − p+ − p− − q)2 −M2K]












pi − spi + s` − tpi) C(−p+, L;mγ ,Mpi,MK)














6(M2pi − spi + s` − tpi) C(−p+, L;mγ ,Mpi,MK)
−3(M2pi − spi + s` − tpi) C1(−p+, L;mγ ,Mpi,MK)− 2B(L;mγ,MK)
−2B(−p+;mγ ,Mpi) +B1(−p+;mγ ,Mpi)
}













5)γµ v(p`) (2p− + q)µ
×
3
2 (s` − spi −M2K − νpi)−
[






]− 6q · k
(q2 −m2γ)[(p− + q)2 −M2pi ][(k − p+ − p− − q)2 −M2K ]







3(νpi + spi +M
2
K − s`) C(−p−, L, 0;Mpi,MK)
−9(M2K +M2pi − upi)C1(−p−, L, 0;Mpi,MK) + 6(M2K − spi + s`)C2(−p−, L, 0;Mpi,MK)
+3(M2K +M
2
pi − upi)C11(−p−, L, 0;Mpi,MK)− 3(M2K − spi + s`)C12(−p−, L, 0;Mpi,MK)








3(νpi + spi +M
2
K − s`) C(−p−, L, 0;Mpi,MK)
−9(M2K +M2pi± − upi)C1(−p−, L, 0;Mpi,MK) + 6(M2K − spi + s`)C2(−p−, L, 0;Mpi,MK)
+3(M2K +M
2
pi± − upi)C11(−p−, L, 0;Mpi,MK)− 3(M2K − spi + s`)C12(−p−, L, 0;Mpi,MK)
−4B(L;mγ ,MK) + 2B(−p−;mγ ,Mpi)−B1(−p−;mγ ,Mpi)
}
D

























K−K+pi+pi− + ieAµ(K−∂µK+ −K+∂µK−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ
= · · ·+ L 
   
	    
+ ieAµ(K
−∂µK+ −K+∂µK−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ
L
 
= · · ·+ L 
   
	    
+ ieAµ(pi
−∂µpi+ − pi+∂µpi−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ
L
  
= · · ·+ L 
   
	    
+ ieAµ(pi
−∂µpi+ − pi+∂µpi−) + 2 (ν`Lγµ `) FoGFV ∗us∂µK+ + e `γµ` Aµ .
















(k − q)2 −M2K
]− [(k − p+ − p− − q)2 −M2K]+ 6q ·Q}
×
( 6L− 6q)( 6p`− 6q −m`)(2 6k− 6q)
(q2 −m2γ)[(k − q)2 −M2K ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K ]
HﬀJoaso+)[sgﬀﬁ$! q[s")oﬁ(Pvq[s"J)1K2)ﬀ}q #%1Foﬁ1ﬁ- ﬀAvv4ﬀ+2!Z&[o#s,ﬀﬁAﬀ xUq #%ﬀﬁ%$,(*<%(*J!s,(*[y')ﬀﬁ	Hﬀ[J)[v41+#!%ﬀ+) #
%ﬀe$vq[s"NqﬀOﬀ+!C- ﬀA6,ﬀ+J!
(− 2m2` − [(p` − q)2 −m2` ]) 6q − 2m` 6P 6q + 2[(p` − q)2 −m2` ] 6P + (4p` · k + [(p` − q)2 −m2` ]
+2[(k − q)2 −M2K ]
) 6L.




















































6(spi + νpi)C(k, L;mγ ,MK ,MK)− 3(spi + 3νpi)C1(k, L;mγ ,MK ,MK)
−6νpiC2(k, L;mγ ,MK ,MK) + 6m2`(spi + νpi)D2(k, p`, L;mγ ,MK ,m`,MK)
+6m2`(spi + νpi)D3(k, p`, L;mγ,MK ,m`,MK)− 2m2`C1(p`, L;mγ ,m`,MK)
−2m2`C2(p`, L;mγ ,m`,MK)− 2m2`C2(k, p`;mγ ,MK ,m`) + 3νpiC11(k, L;mγ,MK ,MK)
+3νpiC12(k, L;mγ ,MK ,MK) + 6m
2
`(t2` − t1`)D22(k, p`, L;mγ ,MK ,m`,MK)
−6m2`νpiD33(k, p`, L;mγ,MK ,m`,MK)− 6m2`νpiD12(k, p`, L;mγ ,MK ,m`,MK)
−6m2`νpiD13(k, p`, L;mγ,MK ,m`,MK) + 6m2`(t2` − t1` − νpi)D23(k, p`, L;mγ ,MK ,m`,MK)






2m2`D00(k, p`, L;mγ,MK ,m`,MK) + C00(k, L;mγ,MK ,MK)
}


















]− [(k − p+ − p− − q)2 −M2K]}
×
( 6L− 6q)( 6p`− 6q −m`)( 6P+ 6Q+ q)
(q2 −m2γ)[(p+ + q)2 −M2pi ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K ]
QﬀeJ)[v41+#!%ﬀ+) #[- ﬀO$vq[s"NqﬀOﬀ+!) !
−m`(6P+ 6Q) 6q + [(p` − q)2 −m2` ](6q+ 6P+ 6Q) +
(
2q2 + 4p` · p+ − [(p` − q)2 −m2` ]− 2[(p+ + q)2 −M2pi ]
) 6L.


















C1(p`, L;mγ ,m`,MK) + C2(p`, L;mγ ,m`,MK)






D2(−p+, p`, L;mγ ,Mpi,m`,MK)
+ D3(−p+, p`, L;mγ ,Mpi,m`,MK)
]
+B1(−p+;mγ ,Mpi)− 2B(−p+;mγ ,Mpi)− 2B(L;mγ ,MK)
}











[ 6p`− 6q −m`]γµ v(p`)
pi−(p− + q)















(q2 −m2γ)[(p− + q)2 −M2pi± ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K± ]
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q2
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C(p1, p2, p3;M1,M2,M3)




3upi − 3M2pi± − 3s` + 2[(L− q)2 −M2K± ]− [(p− + q)2 −M2pi± ]− 6p+ · q
}














3(upi −M2pi − s`) + 2[(L− q)2 −M2K± ]− [(p− + q)2 −M2pi± ]− 6p+ · q
}
× [(p` − q)
2 −m2` ]
( 6P− 6Q+ 6q)−m`( 6P− 6Q) 6q
(q2 −m2γ)[(p− + q)2 −M2pi± ][(p` − q)2 −m2` ][(k − p+ − p− − q)2 −M2K± ]







6(upi − s` −M2pi)C(−p−, L;mγ,Mpi,MK)
−3(upi − s` + 3M2pi − 2spi)C1(−p−, L;mγ ,Mpi,MK)− 6(M2pi +M2K − spi − tpi)C2(−p−, L;mγ ,Mpi,MK)
+4m2`C2(−p−, p`;mγ ,Mpi,m`)− 2m2`
[
C1(p`, L;mγ ,m`,MK) + C2(p`, L;mγ ,m`,MK)
]
−3(spi − 2M2pi)C11(−p−, L;mγ ,Mpi,MK) + 3(M2pi +M2K − spi − tpi)C12(−p−, L;mγ ,Mpi,MK)
−6C00(−p−, L;mγ,Mpi,MK)
+6(upi − s` −M2pi)m2`
[




D12(−p−, p`, L;mγ ,Mpi,m`,MK) +D13(−p−, p`, L;mγ,Mpi,m`,MK)
]
−6m2`(s1` −M2pi −m2` )D22(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2K − spi − tpi + s1` −m2`)D23(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2pi +M2K − spi − tpi)D33(−p−, p`, L;mγ ,Mpi,m`,MK)








6(upi − s` −M2pi)C(−p−, L;mγ ,Mpi,MK)
−3(upi − s` + 3M2pi − 2spi)C1(−p−, L;mγ ,Mpi,MK)− 6(M2pi +M2K − spi − tpi)C2(−p−, L;mγ,Mpi,MK)
+4m2`C2(−p−, p`;mγ ,Mpi,m`)− 2m2`
[
C1(p`, L;mγ ,m`,MK) + C2(p`, L;mγ ,m`,MK)
]
−3(spi − 2M2pi)C11(−p−, L;mγ ,Mpi,MK) + 3(M2pi +M2K − spi − tpi)C12(−p−, L;mγ ,Mpi,MK)
+6C00(−p−, L;mγ ,Mpi,MK)
+6(upi − s` −M2pi)m2`
[




D12(−p−, p`, L;mγ ,Mpi,m`,MK) +D13(−p−, p`, L;mγ,Mpi,m`,MK)
]
−6m2`(s1` −M2pi −m2`)D22(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2K − spi − tpi + s1` −m2`)D23(−p−, p`, L;mγ ,Mpi,m`,MK)
−6m2`(M2pi +M2K − spi − tpi)D33(−p−, p`, L;mγ ,Mpi,m`,MK)
−2B1(−p−;mγ ,Mpi) + 4B(−p−;mγ ,Mpi)− 2B(L;mγ ,MK)
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ln(4pi) + 1− γE
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4K+pi−pi+η∂µη − ηηpi−pi+∂µK+ − ηηK+pi+∂µpi−
− ηηK+pi−∂µpi+ + piopiopi+pi−∂µK+ + piopioK+pi+∂µpi−
+ piopioK+pi−∂µpi+ − 4K+pi−pi+pio∂µpio
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_(*) #mq,ﬀ=Iﬁ) $ $  [- ﬀJq0¸SDFEﬁGIHﬂJ4K9½	¾/&q,ﬀ`q0¸Ur'#Y¸r',ﬀ+V%ﬀe- 17wﬁ(dsGlc('ﬃﬀOﬀ+M- ﬀ+)Xz lA¸#$!$,ﬀﬁZ&
































− 2KoK+∂µKo + 4KoK+∂µKo
− 4K+K+∂µK− − 2KoKo∂µK+ + 4K−K+∂µK+ − piopio∂µK+ + 2pi−pi+∂µK+ +K+pio∂µpio
− 4K+pi+∂µpi− + 2K+pi−∂µpi+
)}








− + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi− − 2piopi+∂µpio∂µpi− + pi+pi+∂µpi−∂µpi−
+ K
o
pi−∂µKo∂µpi+ − 2Kopi−∂µKo∂µpi+ −K+pi−∂µK−∂µpi+ + 2K−pi−∂µK+∂µpi+ − 2piopi−∂µpio∂µpi+
+ KoK
o






























































































(−i)[2q2pio − 2qpio · (p+ + p−) + 2M2pi± − 2spi −M2pi − 2∆pi]







(−i)[q2Ko + 2qKo · (p− − 2p+)− spi −M2K± + ∆pi − 1R (M2K −M2pi)]









(−i)[− q2pio + qpio · (p+ + p−) + spi − 13 (5M2pi − 2M2K)]








(−i)[− q2pi+ + 2qpi+ · (2p− − p+) + spi +M2pi± + 6∆pi]









(−i)[− q2K+ + 2qK+ · (2p− − p+) + spi +M2K± + 6∆pi]















































B(p+ + p−;MKo ,MKo)




























































−A(M2K±)Pµ + (spi + 6∆pi)PµB1(p+ + p−;MK± ,MK±)
+2(2p− − p+)νBνµ(p+ + p−;MK± ,MK±)
]}




































pi± − 3M2pio)B1(p+ + p−;Mpi± ,Mpi±)





pi± − 3M2pio)B1(p+ + p−;MK± ,MK±)
+2spiB11(p+ + p−;MKo ,MKo) + 2B00(p+ + p−;MKo ,MKo) + 4spiB11(p+ + p−;Mpi± ,Mpi±)






B00(p+ + p−;MKo ,MKo)− 2B00(p+ + p−;Mpi± ,Mpi±)− 2B00(p+ + p−;MK± ,MK±)
}
½½
_(*) #mq,ﬀ=Iﬁ) $ $   [- ﬀJq0¸SDFEGIHﬂJ4K ½	¾Uq,ﬀJq0¸Ur'#Y¸r',ﬀ+V%ﬀe- 17wﬁ(dsGlS('%ﬀOﬀ+M- ﬀ+)Xz lA¸#$!$,ﬀﬁ


























































































pi−pi+∂µK−∂µK+ +K−pi+∂µK+∂µpi− +K+pi−∂µK−∂µpi+ − 2K−pi−∂µK+∂µpi+





















































































− qpio − p− + 1
4R
(








q2pio + 2qpio · (k + 2p+) + 4M2pi − 3M2K − tpi
]] (−i)































[− q2η + 2qη · k −M2K + tpi]]× [2p+ − 2k − (1− 34R )p− + 3(1 + 14R )qη]µ
× −i
(q2η −M2η )[(qη + p+ − k)2 −M2Ko ]
}
·[(*)N- 1hp0ﬀhq,(dllS(*wﬁﬀ4#%1ﬁ$)q"!Y¸!Eﬀ+ { ¸,_¸J!¸UllA¸#Y¸ba,!$#%ﬀ¼q,ﬀﬁ=wﬁ(*2!$#$yv ) !$,(*G¸)XzP-/sfS1+#%ﬀ+2!%|{*¸dw+!%ﬀ+) #%5- ﬀ
{K(*#~s4ﬀ(·[(*)\#%1ﬁ-/) ,%(*`q,ﬀﬁ\"J!%1hr'#Y¸Uq,ﬀﬁN!%ﬀ+%(*#$,ﬀhqyq,ﬀﬁOﬀ+Y"2!%1hr'#Y¸Uq,ﬀﬁOowe¸Uq0¸"#%ﬀﬁOﬀ+Y) !$yq",Y¸2!`q,ﬀﬁ\#%1ﬁ$)q"!Y¸!%



























B(k − p+;Mpio ,MKo)
−3
[
M2K± −M2pi± + 3M2pio −M2η − tpi +
1
4R


















B1(k − p+;Mpio ,MKo)
+3
[





















M2K± − 3M2pio +
1
2
tpi)B1(k − p+;Mpi± ,MK±)
+6(2− 5
2R
)B00(k − p+;Mpio ,MKo) + 12(2 + 5
4R
)B00(k − p+;Mη,MKo) + 20B00(k − p+;Mpi± ,MK±)
+3
[
M2K± −M2pi± + tpi +
1
2R
(−3M2K + 3M2pi − tpi)
]
B11(k − p+;Mpio ,MKo)
+3
[
3M2K± − 3M2pi± − tpi +
1
2R
(3M2K − 3M2pi + tpi)
]
B11(k − p+;Mη,MKo)
























B(k − p+;Mpio ,MKo)
−3
[
M2K± −M2pi± + 3M2pio −M2η − tpi +
1
4R


















B1(k − p+;Mpio ,MKo)
+3
[





















M2K± − 3M2pio +
1
2




B00(k − p+;Mpio ,MKo)− 12(1 + 1
4R
)B00(k − p+;Mη,MKo)− 4B00(k − p+;Mpi± ,MK±)
+3
[
M2K± −M2pi± + tpi +
1
2R
(−3M2K + 3M2pi − tpi)
]
B11(k − p+;Mpio ,MKo)
+3
[
3M2K± − 3M2pi± − tpi +
1
2R
(3M2K − 3M2pi + tpi)
]
B11(k − p+;Mη,MKo)
+2(tpi − 3M2pi± + 3M2K±)B11(k − p+;Mpi± ,MK±)− 6A(M2Ko)− 2A(M2K±)
}
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− pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi−






































q2K+ − qK+ · (k − p−) +M2K± +M2pi± − upi + 3∆pi
](
2p+ − p− + k
)
µ


















pi± − upi + 3∆pi
]
B(k − p−;MK± ,Mpi±)− upiB1(upi;M2K± ,M2pi±) +A(M2pi±)
}
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A(M2) : −2M2 λ
B(p2;M21 ,M
2
2 ) : −2 λ


















X  = X 
  @
	 ?@	 A F 
+X 
  @









F  = 5e2λ− λ
2F 2o
[






G  = 5e2λ− λ
2F 2o
[
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p4





[=Y1\QN+[~s ¸UqWUXP=Y1\fSHqXY7PGcdUypkY1[~rkY1\xw7Y7PI[=Y1\xw7N+\fSV[=o7Y7P}cx¸(\QPqXY7Pﬂr][Y¸UlTlQY7PIt.OT\QY`vLN+OxwhqXY|¸+PZP=NEw1UXo7PHt L2 















cTo.-Q\TUXYmcx¸(\QP * X 1e¾C,`
Lp4 = L1〈uµuµ〉2 + L2〈uµuν〉〈uµuν〉+ L3〈uµuµuνuν〉+ L4〈uµuµ〉〈χ+〉+ L5〈uµuµχ+〉















χ± = u†χu† ± uχ†u,








µν = uF µνL u
† ± u†F µνR u,
F µνL = ∂
µ`ν − ∂ν`µ − i[`µ, `ν ], < ﬃC@  ?
F µνR = ∂

























F µνL = ∂




















F µνR = 0,
4U`qXYclTlQN+S=N+\ Y7PVS9w7N+\QPVUXcTo1[=o w7NdsGsvYOT\ cTYhr][=ocTY qWUyvLY1[VS=o
{












 Y1SﬂqXY7Ps ¸(SV[VU[w7Y7P Q

L,R
P=N+\fSIcTo.-Q\TUXPzcx¸(\QPQ* X  C,RY1S+* X 1 C,`




K1〈(QL  )2 + (QR  )2〉〈uµuµ〉+K2〈QL  QR  〉〈uµuµ〉
+K3
[
〈QL  uµ〉〈QL  uµ〉+ 〈QR  uµ〉〈QR  uµ〉
]
+K4〈QL  uµ〉〈QR  uµ〉
+K5〈
[








K7〈(QL  )2 + (QR  )2〉〈χ+〉+K8〈QL  QR  〉〈χ+〉
+K9〈
[
(QL  )2 + (QR  )2
]
χ+〉+K10〈
(QL  QR  +QR  QL  )χ+〉
−K11〈
(QL  QR  −QR  QL  )χ−〉 − iK12〈[(∇̂µQL  )QL  −QL  ∇̂µQL 
−(∇̂µQR  )QR  +QR  ∇̂µQR  ]uµ〉
+K13〈
(∇̂µQL  )(∇̂µQR  )〉+K14〈(∇̂µQL  )(∇̂µQL  )+ (∇̂µQR  )(∇̂µQR  )〉
}
¸7pkY7w
∇̂µQL  = ∇µQL  + i
2
[uµ,QL  ]
∇̂µQR  = ∇µQR  − i
2
[uµ,QR  ]
C¸ lT[=o7P=Y1\xw7YwcTY qXYhlTS=N+\QPGp4UW[VSVOQYhqXPgcx¸(\QPﬃ* X¾C, \Qo7w7Y7PZPVUWS=YwOT\q0¸Ur][Y¸(\r]UXY1\ qXYhlTS=N+\TU[fOQY  dN	 \QN+OQPg\QY

















{QR  ,QL  }〉+X2`γµν`L〈uµ[QR  ,QL  ]〉
+X3m``ν`L〈QL  QR  〉+ iX4`γµν`L〈QL  ∇̂µQL  〉
+iX5`γµν`L〈QL  ∇̂µQR  〉+ h.c.
]



















i (µ) + Γiλ, i = 1, ..., 12
Ki(µ) = K
r
i (µ) + Σiλ, i = 1, ..., 14
Xi(µ) = X
r
















































4 Γ10 = − 14 Γ11 = − 18 Γ12 = 524
Σ1 =
3
4 Σ2 = Zo Σ3 = − 34 Σ4 = 2Zo Σ5 = − 94 Σ6 = 32Zo
Σ7 = 0 Σ8 = Zo Σ9 = − 14 Σ10 = 14 + 32Zo Σ11 = 18 Σ12 = 14
Σ13 = 0 Σ14 = 0
Ξ1 = 0 Ξ2 = − 34 Ξ3 = −3 Ξ4 = − 32 Ξ5 = 32 Ξ6 = −5
Ξ7 = −1 Ξ8 = − 43




















− 32(spi − 2M2pi±)L1 − 8(2M2K± + 2M2pi± − upi − tpi)L2
















− 8(tpi − upi)L2 + 4(M2K± +M2pi± − tpi)L3 − 8(M2pi + 2M2K)L4








































− 12K1 − 120K2 − 19K5 − 73K6 − 9K12
]}
&







(ν`L 6P `)20X1 − (ν`L 6Q `)4X1 + (ν`L 6L `)8(
5
3
















pi −∆pi)L5 + s`L9 +
e2F 2o
9
(12K1 + 84K2 + 19K5









4(tpi − upi)L2 − 2(M2K± +M2pi± − tpi)L3 + 4(M2pi + 2M2K)L4
+2(M2K± + 2M
2
pi −∆pi)L5 + s`L9 +
e2F 2o
9
(12K1 + 12K2 + 36K3 + 18K4 + 7K5

























+120K2 + 19K5 + 73K6 + 9K12)− 4
9





































6spi − 3(upi + tpi) + s` + 10M2pi± + 13M2K± + 8∆pi +
2
R



































3(tpi − upi) + s` + 4M2pi± + 7M2K± + 4∆pi +
2
R




















































(M2K −M2pi)− 100e2F 2o
}
λ.
nY [=o7PVOqWSY¸(Sv\bY7PVS lA¸+Pºw7NdsGlqXY1Seuq { ¸(OTS¼w7N+\QPVUXcTo1[=Y1[ qXY7Pºw7N+\4SV[VUyvTOTSVUXN+\QP lT[=NepkY1\A¸(\fSwcTY»q0¸ [=Y1\QN+[~s ¸UqWUS
PY¸(SVUXN+\ cTY7Pºw=lA¸UsGlQPºsvo7P=N+\TU[fOQY Y1SGqXYhlTS=N+\TU[4OQY
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} < µ ®³®¯± λ2 ?

































































































g(p2) + · · ·)]























w7NdsGsvY o1SY¸(\fSﬂq0¸GlLN]PVUWSVUXN+\AcdO»l dqXY cx¸(\QPﬂq0¸
{hN+\xw1SVUXN+\~cTYmw7N+[V[=ohq0¸(SVUXN+\ tecTY1OXzGlLN+UW\4S=Pe IUW\QPVU
{




< ﬃC@ / ?























Σ(M2) + (p2 −M2) ddp2 Σ(p2)|p2=M2 + 12(p2 −M2)2 d
2
d(p2)2 Σ(p











< ﬃC@ / ?
=
i
p2 −M2 − (p2 −M2) ddp2 Σ(p2)|p2=M2 − 12(p2 −M2)2 d
2
d(p2)2 Σ(p








− 12(p2 −M2)2 d
2
d(p2)2 Σ(p
2)|p2=M2 − · · ·
X¸dw=lA¸(\fSJ4OQY
∫







\QN+OQP NdvTS=Y1\QN+\QPfOQYºq0¸»w7N+\QPVSY¸(\fS=YtcTYv[=Y1\QN+[~s ¸UqWUXP_¸(SVUXN+\ cdO w=lA¸UsGl Powe¸Uq0¸(UW[=YvY7PVSqXYg[=o7PVUXcdO cdO l dqXY~Y1\
M2
·}N+OQPGNdvTS=Y1\QN+\QP










 N+[=P cTY7Pwe¸Uq[w1OqXP cTY7P.cdU0¸Ur][Y¸UsGsvY7PgcTY xYh4\s ¸(\T\
{
\QN+OQPlT[=Y1\Qcd[=N+\QP¹qXYºl dqXY~cdO lT[=NdlA¸Ur5¸(S=Y1OT[gPVOT[q0¸
s ¸+P=P=YIlTl5dPVU[4OQYecTo.-Q\TUXYJlA¸([Q* X  C,> Y}[=o7PVOqWSY¸(SGcdOAcdU0¸Ur][Y¸UsGsvY P=Y1[Y¸¹tsmOqWSVUylqWUXY1[ﬂlA¸([OT\ {*¸dw1S=Y1OT[
√
Z
* X 1 C,¸(OTSY¸(\fS}cTYI{|N+UXPmfOQY cTY`lA¸(SVS=Y7PzY>zﬀS=Y1[V\QY7Pmsvo7P=N+\TU[fOQY7PO
   
















































































#¸w7N+\QP=Y1[~p¸(SVUXN+\ cTYq0¸ﬂw=lA¸([~rkYﬂohqXY7w1SV[VU[4OQYﬂY1S cTYq0¸w=lA¸([~rkYc(bo1SV[Y¸(\rkY1S=oﬂ\¸(OTS=N+[VUXP=Y}fO OT\w7Y1[VSY¸(UW\ \QNds=vT[=Y





η  pio  Ko  pi+  K+
,½
Y`q0¸Ur][Y¸(\r]UXY1\ ¸+P=PZNEw1UXo`tGw7Y1SVS=Y S=NdlJNdqXNdr]UXY Y7PVS




o − 2 Kopi+∂µKo∂µpi− +Kopi+∂µKo∂µpi− +Kopi−∂µKo∂µpi+
− 2Kopi−∂µKo∂µpi+ +KoKo∂µpi−∂µpi+ − pi−pi+∂µK−∂µK+ + 2K+pi+∂µK−∂µpi− −K−pi+∂µK+∂µpi−
− K+pi−∂µK−∂µpi+ + 2K−pi−∂µK+∂µpi+ −K−K+∂µpi−∂µpi+ + 2pi−pi+∂µpio∂µpio − 2piopi−∂µpio∂µpi−
− 2piopi−∂µpio∂µpi+ + 2piopio∂µpi−∂µpi+ + pi+pi+∂µpi−∂µpi− − 2pi−pi+∂µpi−∂µpi+ + pi−pi−∂µpi+∂µpi+
− 2Bomˆηηpi−pi+ − [Bo(3mˆ+ms)− Bo
2R






(mˆ−ms) + 16e2F 2oZo] K−K+pi−pi+
− [2Bomˆ + 4e2F 2oZo] piopiopi−pi+ + [2Bomˆ + 8e2F 2oZo] pi−pi+pi−pi+
}
Y7Pﬂw1UW\x pkY1[VS=Y>z w7N+\4SV[VUyvTOA¸(\fS|tq*bo1\QY1[~r]UXY`lT[=NdlT[=YmcdO»lTUXN+\ w=lA¸([~rkomPZN+\fSzcTY7P=P=UW\Qo7Pﬂw1US cTY7P=P=N+OQP































































2F 2oZo − p2 − q2 − 6p.q].













































L(p2) = ...+ {− iepi+∂µpi− + iepi−∂µpi+}.
bohp¸UqWOA¸(SVUXN+\icTY`w7Y cdU0¸Ur][Y¸UsGsvY cTN+\T\QY`qXYe[=o7PVOqWSY¸(S
−ie2{2(p2 +M2pi±)B(p2;m2γ ,M2pi±)−A(p,M2pi±) + 2A(m2γ)} .
qR[=Y7PVS=Y9tohp¸UqWOQY1[GqXY7PgcdU0¸Ur][Y¸UsGsvY7P¼t q*bN+[=cd[=Y
p4























































































































































































































































































































































































































K)(2L6 − L4) +M2pi(2L8 − L5)
]
+e2











6K1 + 6K2 + 5K5 + 5K6 − 6K7 − 15K8









































cTN+\T\Qo7Y7P cx¸(\QP * X C,
{
q0¸;s ¸+P=P=Y~[=Y1\QN+[~s ¸UqWUXP=o7YwcdO













































































− 16[(M2pi + 2M2K)Lr6 +M2piLr8]} .
    























































 Y`q0¸Ur][Y¸(\r]UXY1\ ¸+PZP=NEw1UXo|t¹w7Y1SVS=Y S=NdlLNdqXNdr]UXY Y7P=S
  1












K+∂µKo∂µK− − 4KoK+∂µKo∂µK− − 4KoK−∂µKo∂µK+ + 2KoK−∂µKo∂µK+
+ 2KoK
o
∂µK−∂µK+ + 2K+K+∂µK−∂µK− − 4K−K+∂µK−∂µK+ + 2K−K−∂µK+∂µK+
+ piopio∂µK−∂µK+ +K−K+∂µpio∂µpio − 2pi−pi+∂µK−∂µK+ + 4K+pi+∂µK−∂µpi−






















K−K+ − 2K−K−K+K+ +K−K+piopio
− 2K−K+pi−pi+ − 1
R
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V(c) = − i
6F 2o
[




[− p2 − q2 − 6q · p+M2pi(1 + 12R ) +M2K(1− 12R ) + 8∆pi]
V(e) = i
6F 2o













































L(p2) = ...+ {− ieK+∂µK− + ieK−∂µK+}.
bohp¸UqWOA¸(SVUXN+\icTY`w7Y cdU0¸Ur][Y¸UsGsvY cTN+\T\QY`qXYe[=o7PVOqWSY¸(S
−ie2{2(p2 +M2K±)B(p2;m2γ ,M2K±)−A(p,M2K±) + 2A(m2γ)} .
qR[=Y7PVS=Y9tohp¸UqWOQY1[GqXY7PgcdU0¸Ur][Y¸UsGsvY7P¼t q*bN+[=cd[=Y
p4












 Y q0¸Ur][Y¸(\r]UXY1\ \Qo7w7Y7PZPY¸(UW[=Y t w7Y we¸Uq[w1OqeY7PVStcTN+\T\Qo;lA¸([ qXY7PpS=Y1[~svY7P
p4























































































































































3K7 + 12K8 +K9 + 10K10 + 9K11
]
·IN+OQP P=NdsGsvN+\QP qXY7PwSV[=N+UXP»w7N+\4SV[VUyvTOTSVUXN+\QP9lJN+OT[ANdvTS=Y1\TUW[»q*bY>z	lT[=Y7PZPVUXN+\ cTYcq*bo1\QY1[~r]UXYclT[=NdlT[=Y t q*bN+[=cd[=Y

































































































e2M2K(3K7 + 12K8 +K9 + 10K10 + 9K11)
















































































































(M2K −M2pi)︸ ︷︷ ︸
]
.




\QN+OQPROTSVUyqWUXP=N+\QPq0¸={hN+[~smOqXY cTYJq0¸={|N+\xw1SVUXN+\;t OT\ lJN+UW\fSQ* I¾C,nY1S qXY7P pd¸UqXY1OT[=P
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¹¸UlT[on7PMqXY7Pn[=Yhq0¸(SVUXN+\QP * X 1 C,
{
\QN+OQP ¸epkN+\QP











































Z`± = 1− e2
A(m2`)
m2`




















·IN+OQPOTSVUyqWUXPZN+\QPqXY7P {hN+[~smOqXY7P * I 1 C,
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·IN+OQP [=YhlT[=Y1\QN+\QPqXY7P [=o7PVOqWSY¸(S=P.PVOT[=qXY7Pw7N+\QPVSY¸(\4S=Y~cTYp[=Y1\QN+[~s ¸UqWUXPY¸(SVUXN+\ cTY7PwZlA¸UsGlQP * X 1eC,
{
* X 1e¾C,mY1S
* X 1 C,>·IN+OQP \QY r5¸([=cTN+\QP4OQY¼qXY7P S=Y1[~svY7PG4OTU w7N+\fSV[VUyvTOQY1\fS ¸(OXz w7N+[V[=Y7w1SVUXN+\QPvohqXY7w1SV[=Nds ¸Ur]\Qo1SVU[fOQY7PpY1S
c( UXP=N]P~lTUW\ t~OT\N+[=cd[=Y%3I\ [=YhsGlq0¸dw7Y S=N+OTS=Y7PJqXY7PI{hN+\xw1SVUXN+\QP|t~OT\clLN+UW\4S`lA¸([IqXY1OT[ [=o7P=OqWSY¸(SecTN+\T\Qogcx¸(\QP






















































































































































































































   ( ﬀ











































4Ua\QN+OQPmw7NdsGlA¸([=N+\QPmw7Y7P[=o7PVOqWSY¸(S=PHt¹w7Y1OXzwNdvTS=Y1\4OQPzY1\ * ½	C,RY1SQ* ½	¾C,
{
\QN+OQPﬂw7N+\QP=SY¸(S=N+\QPm4OQYJqXY7Pw7N+\fSV[=Y









t w7Yw\TUypkYe¸(O cdO SV[Y¸epd¸(Uyq
{
P=N+\4S -Q\TUXP OqWSV[Y¸ p4UXNdqXY1S=PO `¸(\QP¹qXY w=lA¸UlTUWSV[=Y;fOTUPVOTUWS
{
\QN+OQP
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h Y7PecdUjikY1[lk Y1\xw7Y7PIUW\Ym|[Y¸fn [=N+Ook Y7PeP=N+\fSecdOQY7P:pvcTY7P>qLY1SVUWS=Y7P?i¸srXY1OT[=PIcTYrut UjvSqTOorXPVUXN+\cdOwqTlQN+S=N+\Y1S`¸(O+m*¸(UWS
x
OQYyrXYyqTlQN+S=N+\º¸GOT\QYyv ¸+P=PZYﬂ\4OorjrXY


































r0¸^cdUjv Y1\QPVUXN+\ cTYrutbY7PlqA¸dw7Y/n S=Y[vSqQP
D
qJY1OTS PZY1[li4UW[mcTYqA¸([Y¸svV1SV[=Y~cTYp[=o[k]Oor0¸([VUXPY¸(SVUXN+\
qLN+OT[rXY7P~cdUjikY1[lk Y1\xw7Y7PtUW\Ym|[Y¸fn [=N+Ook Y
z}
Y1SVS=Yi[=o[k]Oor0¸([VUXPY¸(SVUXN+\ \QN+OQPqJY1[lv Y1SpOT\QYio[id¸srWOA¸(SVUXN+\ PVUjvSqorXY^cTY7P
w7N+\fSV[VUyvTOTSVUXN+\QPIUW\Ym [Y¸fn [=N+Ook Y cdUjikY1[lk Y1\fS=Y7P
z
¡Ł¢£ ¤  =CxC=EGF@ B   ERHLEGF C MEz> C
h Y7PIw7N+[V[=Y7w1SVUXN+\QPŁpSrutbo[rXo[v Y1\fS cTYv ¸(SV[VU[w7Y
K`4
cdOQY7P`¸(OXz9vLN+Oxw[rXY7P}cTYqTlQN+S=N+\wiﬀUW[VSVOQY[r?PZN+\fSecdUjikY1[lk Y1\fS=Y7P




w7Y7P@qT[=NEw7Y7P=P=OQPe\QYqJY1OoikY1\fSqA¸+P  1SV[=Y6v Y7PVOT[=o7P Y>z	qJo1[VUjv Y1\fSY¸srXY[v Y1\4S PY¸(\QP@rXY7P
w7N+\fSV[VUyvTOTSVUXN+\QP
x
























































































¸(SVSY¸dwZlQovPVOT[}OT\QY6qA¸(SVS=Y Y>zﬀS=Y1[V\QY cdO qT[=NEw7Y7PZPVOQP
K`4
{





A(K`4γ) qJN+OT[¦rXY7P cTo7PVUW\4S=o[k][Y¸(SVUXN+\QP[Y¸+cdU0¸(SVUjikY7P?cTY K`4 qJY1OTS  1SV[=YycTo[ikY[rXNXqoqJo7YyY1\ŁqTOTUXP=PY¸(\xw7YﬂcTYrut UjvSqTOorXPVUXN+\
cdO qTlQN+S=N+\^o[vgUXP














































rut¸sqoqT[=N7zdUjv ¸(SVUXN+\ cTY+h N   f Jw7N+\QPVUXPVS=Y p\QY+k5¸([=cTY1[
x
OQYDrXY S=Y1[lv Y




































































































5) v(p`) (6k + 2 6p+− 6p− + 2 6q) (2p+ + q) · 






5) v(p`) (6k + 2 6p+− 6p−− 6q) (2p− + q) · 






5) v(p`) (6k + 2 6p+− 6p−) (6p`+ 6q) 6−m` 6






5) v(p`) (6k + 2 6p+− 6p−− 6q) (2k − q) · 
(k − q)2 −M2K±
`¸(\QPrut¸sqoqT[=N7zdUjv ¸(SVUXN+\~cTYqTlQN+S=N+\Sv N+O
{



















{ p+ · 




− p− · 










− k · 






























q · a = q · b = 0 srXN+[=P
∑

































(k · q − m2γ2 )2
− 2 p+ · p−
(p+ · q + m
2
γ





(p+ · q + m
2
γ
2 )(p` · q +
m2γ
2 )
−2 p− · p`
(p− · q + m
2
γ
2 )(p` · q +
m2γ
2 )
− 2 k · p`






−2 p+ · k
(p+ · q + m
2
γ





(p− · q + m
2
γ
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OTUY7PVSrXY`w([V[=omcTY:rv+P=P=Y Y`_aY7w1SVUjikY cdO^P dPVS[v Y cdUBnurXY[qTS=N+\ Y7PVS




N+OT[  1SV[=Y [VUjk N+OT[=Y1OXz
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(k · q − m2γ2 )2
− 2 p+ · p−
(p+ · q + m
2
γ





(p+ · q + m
2
γ
2 )(p` · q +
m2γ
2 )
−2 p− · p`
(p− · q + m
2
γ
2 )(p` · q +
m2γ
2 )
− 2 k · p`
(k · q − m2γ2 )(p` · q +
m2γ
2 )
−2 p+ · k
(p+ · q + m
2
γ





(p− · q + m
2
γ
































































2(αpio − pjo) .
hi ([VUUvorXY
α
Y7P=SGcTo/|Q\TUXY (O SV[JikY1[=PIc¦t OT\QYmo
x
O$(SVUXN+\^cdOAP=Y7w7N+\QcAcTY[k][=o


















































(pi · pj)2 −m2im2j
ln
pi · pj −
√
(pi · pj)2 −m2im2j
pi · pj +
√
(pi · pj)2 −m2im2j
,



































− 4− τ(p+, p−,Mpi± ,Mpi±) + τ(p+, p`,Mpi± ,m`)− τ(p−, p`,Mpi± ,m`)





\QN+OQPINdvTS=Y1\QN+\QPrutsqoqT[=NezﬀUjv(SVUXN+\PVOTUji (\fS=Y:qJN+OT[rXY S(OXz cdU"_Jo1[=Y1\4SVUXY[r
K`4γ
dΓ 




− 4− τ(p+, p−,Mpi± ,Mpi±) + τ(p+, p`,Mpi± ,m`)− τ(p−, p`,Mpi± ,m`)


































 ikY7w SV[=N+UXPzcTY7P¥qT[=NXq$sk (S=Y1OT[=P
P=OT[mw7N+Oxw=lQY cTYŁv+P=P=Y
(u}?z) )!*/z<}


















































rXY7P6i srXY1OT[=P cTY7PgcdUjikY1[lk Y1\xw7Y7PgUW\Ym|[fn [=N+Ook Y7P6qT[=N ikY1\$(\fS~cTY w7Y7P cdUfn
k][svSv Y7P}P=N+\4S
(











16pi2 τ(k, p−,MK ,Mpi) lnm
2
γ
(f) − e216pi2 τ(k, p+,MK ,Mpi) lnm2γ
(g) − e216pi2 τ(k, p`,MK ,m`) lnm2γ
(h) e
2
16pi2 τ(p+, p−,Mpi,Mpi) lnm
2
γ
(i) − e216pi2 τ(p+, p`,Mpi,m`) lnm2γ
(j) e
2
16pi2 τ(p−, p`,Mpi,m`) lnm
2
γ




(p1 · p2)2 −M21M22
ln
{p1 · p2 −√(p1 · p2)2 −M21M22
p1 · p2 +
√
(p1 · p2)2 −M21M22
}
.




































































J5 ≡ |F |2 [PL2 − PN2 − spis` +m2`spi] + |G|2 [QL2 −QN2 −Q2s` +m2`Q2]


















(1 + 2 δG)
F ∗G = FG∗ =
M2K
2F 2o













q$([VSVUXY UW\Ym|[fn [=N+Ook Y





(1 + 2 δF IR)
{





(1 + 2 δF IR)
{

















(1 + 2 δF IR)
{
16(p+ · p`)(p+ · pν)− 8M2pip` · pν
}
.






















PL2 − PN2 − spis` + m2`spi +QL2 −QN2 −Q2s` +m2`Q2 + 2(PL)(QL)− 2(PN)(QN)
= 16(p+ · p`)(p+ · pν)− 8M2pip` · pν .


































−τ(p+, p−,Mpi± ,Mpi±) + τ(p+, p`,Mpi± ,m`)− τ(p−, p`,Mpi± ,m`)


















\QY@qLY1OoikY1\4Sq$+P  1SV[=Y:v Y7P=OT[=o7PGY>z	qJo1[VUjv Y1\fSsrXY[v Y1\4S}P(\QPrXY7Pﬂw7N+\fSV[VUyvTOTSVUXN+\QP
x
OTU












hY7P cdUjikY1[lk Y1\xw7Y7P UW\Ym [fn [=N+Ook Y7P^P=Y w7NXvSqJY1\QP=Y1\4SDrXN+[=P
x







OQYA\QN+OQPpP=Y1[=N+\QPgUW\4S=Y1[=Y7P=P=o7Pq$([Vr v Y7PVOT[=YAc¦tbNdvQPZY1[li UvorXY7P
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cTo[qTl$+Psk Y7P · · · * OT\QYzP=N+OQPVSV[dw1SVUXN+\pcTY7PcdUjikY1[lk Y1\xw7Y7PyUW\Ym|[fn [=N+Ook Y7PP=Y1[}\Qo7w7Y7PZP(UW[=Y z







OTUuw7N+\QP=UXPVS=Yp PVOoqoqT[VUjv Y1[.cTYg\QN]PmY>zYqT[=Y7P=PVUXN+\QP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sr 4SVU
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pi − pi p¼v$^SCSCU2gXQTUXblkm[]U
wV\XvSvqUr]ULjdg[qdu$^SsknU
pi − pi z |TQj¦tk\dvdWCUXQd[eb|wVULjdg[qdu$^SsknUm_jdUVSO[eQWCUXb©mgXbCUXQxwVUVSZUXQWYbCU6r]UVS>m dwXWCUXadbCS4jdU
m\^blvqUhSC\^QiWyQTg7wVUVSCSR[ebCUVS
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 +SC\^QW¥r]UVSU>zYqdbCUVSCSY[]\^QTS RQ$sr WY[
x
aTUVSEjdUVShjt[skmbsvSvqUVShjdU JU Qov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∆ = −2
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∆ = −1 z h ljdUXa
	t[G[vqU¥i RbY[or]U µ ( + z  * V\^bYbCUVSqc\^QTj¨p4adQq$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UVknUXQdbCUojdUojt[skmbsvSvqUrUVSCWljt[jinUXblknUXQiWL[eQYm bfn bC\^aoknUﬀRbŁr]UqduT\^WC\^Q Q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^SCS|U
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n ≥ 1 QTUOSC\^QiWq$^SqdbY[]S
UXQﬃV\XvSqdWCU
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K1 = −6.4 10−3
K2 = −3.1 10−3
K3 = 6.4 10
−3
K4 = −6.4 10−3
K5 = 19.9 10
−3
K6 = 8.6 10
−3
K12 = −9.2 10−3
L1 = 0.4 10
−3
L2 = 1.35 10
−3
L3 = −3.5 10−3
L4 = −0.3 10−3
L5 = 1.4 10
−3
L9 = 6.9 10
−3
X1 = 6 10
−3
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h 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2jdgVSY[eQWCg[kmb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Rblkng
K+
τK+ = 1.2384 10
−8s.













Mpi± = Mpio = Mpi = 139.6
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S −1) ΓiΓ Γi [ 	  ,    ]
U	73cgXbY[]UXQVU
[   	 ]
Ke4 1292 1.6 10
−5 1297 3294

















































































QTU V\A-@3\^bYWRQiW 3$^SqjdU WCUXb.-qU jdU%-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−1) ΓiΓ Γi [ rs , tu ]
U	 3gXbY[]UXQVU
[ uYr ]
Ke4 2415 3 10
−5 2447† 3294
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Mpi = Mpi± = 139.6
  U%$























 = 1.061 × 10−2   6
∆pi = M
2
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S −1 < ΓKe4 < 2498
S −1.
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2 ≤ spi ≤ (MK± −m`)2




0 ≤ θpi, θ` ≤ pi
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spi = 0.1, 0.15
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νγµ = (2−D)γν  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  Calculus and Analysis     Special Functions     Gamma Functions   
  Calculus and Analysis     Special Functions     Named Integrals   
  Calculus and Analysis     Special Functions     Product Functions   
Gamma Function
 
The complete gamma function  is defined to be an extension of the factorial
complex and real number arguments. It is related to the factorial by 
analytic everywhere except at z = 0, -1, -2, ..., and the residue at  is 
There are no points z at which . The gamma function is implemented in
Mathematica as Gamma[z]. 





















Ψ(n+ 1) = 1 +
1
2






− (1 + frac122 + · · ·+ 1
n2
)
Ψ(1) = −γE ≈ 0.5772 Hz8,|}wQ|ﬂ}i'2 ~>(Z 
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Γ(α1 + · · ·+ αn)
Γ(α1) . . .Γ(αn)
∫ 1
0







xα1−11 . . . x
αn−1
n





























































b2 − ac lnC1










ac− b2 + C2
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[Qa, Qb] = i fabc Qc
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f123 = 1
f147 = f246 = f257 = f345 = −f156 = −f367 = 1
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d118 = d228 = d338 = −d888 = 1√
3
d146 = d157 = −d247 = d256 = d344 = d355 = −d366 = −d377 = 1
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k = (MK ,~0) (p1 + p2) = (
√
spi + ~P 2, ~P ) (p` + pν) = (
√
s` + ~P 2,−~P )
J(kSj]
|~P | = λ
1/2(M2K , spi, s`)
2MK
















































































0 0 1 0





























~L = |~L|(− cos θ`, sin θ`, 0)
 8
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Sje \   ^OPS
Λ`K =

1 0 0 0
0 1 0 0
0 0 cosφ sinφ














0 0 1 0















0 0 cosφ sinφ




















(M2K + spi − s`)(spi +M21 −M22 ) + λ1/2(M2K , spi, s`)λ1/2(spi ,M21 ,M22 ) cos θpi,
λ1/2(M2K , spi, s`)(spi +M
2














(M2K + spi − s`)(spi +M22 −M21 )− λ1/2(M2K , spi, s`)λ1/2(spi ,M21 ,M22 ) cos θpi,
λ1/2(M2K , spi, s`)(spi +M
2
2 −M21 )− λ1/2(spi,M21 ,M22 )(M2K + spi − s`) cos θpi,











2 = spi (≡ P 2)











(p1 + p2)(p1 − p2) = M21 −M22 (≡ PQ)
(p1 + p2)(k − p1 − p2) = 1
2
(M2K − spi − s`) (≡ PL)



























(M2K + s` − spi)(s` +m2`) + λ1/2(M2K , spi, s`)(s` −m2`) cos θ`,
−λ1/2(M2K , spi, s`)(s` +m2`)− (s` −m2`)(M2K + s` − spi) cos θ`,
2MK
√
s`(s` −m2` ) cosφ sin θ`,−2MK
√








(M2K + s` − spi)(s` −m2`)− λ1/2(M2K , spi, s`)(s` −m2`) cos θ`,
−λ1/2(M2K , spi, s`)(s` −m2`) + (s` −m2`)(M2K + s` − spi) cos θ`,
−2MK√s`(s` −m2` ) cosφ sin θ`, 2MK
√







2 = s` (≡ L2)
(p` − pν`)2 = 2m2` − s` (≡ N2)
(p` + pν`)(p` − pν`) = m2` (≡ LN)
(k − p` − pν`)(p` − pν`) =
m2`
2s`






λ1/2(M2K , spi, s`) cos θ` (≡ PN)














2 ) cos θpi
+
(M21 −M22 )(s` −m2`)
2spis`








cos θpi cos θ`(M
2








sin θpi sin θ` cosφ (≡ QN)
µνρσL
µNνP ρQσ = 0123 [(p1 + p2)
0(p` + pν)
1 − (p1 + p2)1(p` + pν)0]
×[(p` − pν)2(p1 − p2)3 − (p` − pν)3(p1 − p2)2]
= −λ
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dq0dD−1−→q a   OU\  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√−→q 2 +m2 − i)
qµ(q0, q1, . . . , qD−1) → q˜µ(iq0,q1, . . . ,qD−1) I  a$#jL
q2 → − q˜2
dDq → idD q˜
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R2 = M22 (1− x) +M21x− xp2(1− x)
q˜ = q − p(1− x)
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B(0; 0,m2) = B(0;m2, 0) =
A(m2)
m2
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dx2δ(1− [x1 + x2])
× 1
























(pi − q)2 −M2i = 0
fW

























xi(pi − q) = 0
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R2 = M22 (1− x) +M21x− xp2(1− x)
q˜ = q − p(1− x)
ﬁﬃﬂ
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p20 = (M1 ±M2)2
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(M21 −M22 − p2)x + 2M22






















− 2 + M
2
















−λ(M21 ,M22 , p2)
+ arctan
p2 −M21 +M22√













































































−λ(M21 ,M22 , p2)
+ arctan
p2 −M21 +M22√
















































































































R2(xo) = −p2(x− − x−
2
)2























































































































[ −p2 −M21 +M22 +√λ










[ p2 +M21 −M22 +√λ













































λ)2 − (M21 −M22 )2
(p2 +
√








































































[ (p2 −√λ)2 − (M21 −M22 )2
(p2 +
√





















































λ)2 − (M21 −M22 )2
(p2 +
√
λ)2 − (M21 −M22 )2
,
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↪→> 0 LAIG % DﬂG-? N X IGv "rw DQJ v " ""rw X  % DsLNOGHP?HNURTNSI>ACIKJbDﬀGrJ-B X GHNSJHNSZ]








I ±i ] 
 NSI>GrNI X WG-B X W^ X IG-P X IP % W?FD KWD




ln{a(p2 + i)} = lim
→0
{ln[a(p2)−i]}















































2 + |M21 −M22 |
M21 +M
2






















































[(p2 −√λ)2 − (M21 −M22 )2
(p2 +
√
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(D − 1)B00 = [M21 −
1
4p2









(D − 1)p2B11 = [ D
4p2
(p2 + ∆12)















































































−(p2 − 3M21 −M22 )
A(M21 )
∆12
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A = (p1 − q)2 −M21 ,
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p21 −M21 = 0
DQJ











































R2 = y2[x2M21 + (1− x)2M22 + 2x(1− x)p1 · p2] + (1− y)m2γ
= y2f(x) + (1− y)m2γ .
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2 − x(p221 −∆12) +M22
A ^DﬂP
p221 = (p2 − p1)2






























































2 ) = 4
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p1 · p2 −
√
(p1 · p2)2 −M21M22
p1 · p2 +
√



































(p1 · p2)2 −M21M22
ln
{p1 · p2 −√(p1 · p2)2 −M21M22
p1 · p2 +
√






































(p1 · p2)2 −M21M22
ln
{p1 · p2 −√(p1 · p2)2 −M21M22
p1 · p2 +
√


































D = 4 + ir
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(q2 −m2) [(p1 − q)2 −M21 ] [(p2 − q)2 −M22 ]







p221 = (p2 − p1)2
d1 = m
2 −M21 + p21
d2 = m





















































































































































































(q2 −m2) [(p1 − q)2 −M21 ] [(p2 − q)2 −M22 ]
= pµ1p
ν

















p221 = (p2 − p1)2
d1 = m
2 −M21 + p21
d2 = m
























+ (2p1 · p2 d2 − 3p22 d1) C1(p1, p2, 0;M21 ,M22 ,m2)
− p22 d2 C2(p1, p2, 0;M21 ,M22 ,m2)− 2p1 · p2 B1(p21;m2,M21 )




























































































2) C12 = −4p1 · p2m2C(p1, p2, 0;M21 ,M22 ,m2)
+
(








+ 2p1 · p2d2C2(p1, p2, 0;M21 ,M22 ,m2) + 2
(













(− 3p21 + p22 − p221)B(p221;M21 ,M22 )− 2p1 · p2 116pi2






2)− d1 C1(p1, p2, 0;M21 ,M22 ,m2)
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{(q2 −m2γ) [(k − q)2 −M2K± ] [(p` − q)−m2` ][(k − p+ − p− − q)2 −M2K± ]}−1




{(q2 −m2γ) [(p− + q)2 −M2K± ] [(p` − q)−m2` ][(k − p+ − p− − q)2 −M2K± ]}−1
P

DﬂGJ    LNS?FD
D0 = q
2 −m2γ , D2 = (p− q)2 −m2,
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L− p` ≡ pν
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Θ(q0 − p0`)δ((p` − q)2 −m2` )Θ(p0 − q0)δ((p − q)2 −m2)
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Θ(q0)δ(q2 −m2`)Θ(p0 − p0` − q0)δ((p− p` − q)2 −m2)








p− p` = r ] " % DﬂGJaNUIKJﬀ?HDﬂGHGFACIKJbLDsGrDB % APD?aLAIG % D@? QZﬀ?HDﬀIKJHNUD % LDﬂ X ?FDIKJ`JHD % KWD
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δ[(r − q)2 −m2] = δ[r2 + q2 − 2r · q −m2]
= δ[r20 + q

































Θ(q0)δ(q2 −m2`)Θ(r0 − q0)δ(r20 +m2` −m2 − 2r0 · q0)
























































δ(q20 −E−→l )Θ(r0 − q0)δ(r20 +m2` −m2 − 2r0 · q0)
2E−→
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` −m2 − 2r0E−→l )
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q0 = E−→l =
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δ(r2 +m2` −m2 − 2r0E−→l ) = δ











































































































−→pν · −→q = ||−→pν || ||−→q ||[cos θ cos θ2 + sin θ sin θ2 cos(Φ− Φ2)]
−→p` · −→q = ||−→p` || ||−→q || cos θ
 
APAI*JﬁKWD
r = p− p` = (r0,−→0 ) >I X WGbA ^ X IG r0 = p0 − p0`
DJ −→
0 = −→p −−→p` A %UX ?G
−→p`2 = p0`
2 −m2`
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r = p− p` = Q+ pν = (r0,−→0 ) KI X WG A ^ X IG



















s` = (p` + pν)
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2)(1 + cos θ)−m2γ + i
(pν − q)2 −M2K± − i = m2` −M2K± − i−
1
2r2































(a+ b cos θ)
(

















A = − 1
2r2








(r2 −Q2)λ1/2(r2,m2` ,m2) sin θ2
−λ1/2(r2,m2` ,m2) cos θ2 = r2 +m2` −m2 + 2r2
s` −m2`
r2 −Q2






























































































1+4mm′/[x−(m−m′)2] x 6= (m−m
′)2






K(x,m,m′) = −β(x,m,m′) =
[√x− (m+m′)2
x− (m−m′)2 − 1
][√x− (m+m′)2























Θ[r2 − (m` +m)2]×
{
− 2 ln ( M2K±mγ
M2K± − s`
)
− ln(x− x1,1)− ln(x− x1,−1)− ln(x− x−1,1)− ln(x− x−1,−1)










−2 ln ( M2K±mγ
M2K± − s`
)




)− 2 ln ( M2K±
M2K± − s`
)






χ = − ln(x− x1,1)− ln(x− x1,−1)− ln(x− x−1,1)− ln(x− x−1,−1) + 2 ln(x− 1)



















































χ = − ln
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Sp(x) + Sp(1− x) = 1
6
pi2 − ln(x) ln(1− x)
Sp(x) + Sp(−x) = 1
2
Sp(x2)
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(q2 −M2) [(p1 − q)2 −M21 ] [(p2 − q)2 −M22 ] [(p3 − q)2 −M23 ]














(q2 −M2) [(p1 − q)2 −M21 ] [(p2 − q)2 −M22 ] [(p3 − q)2 −M23 ]
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SU(3)L × SU(3)R/SU(3)  z(zxzxzxzxz(zxzxzxz(zxz z " z 
SU(3)L × SU(3)R zzxzxzxz(zxzxzxzxz(zxzxzxz(z     z " z 
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